Abstract. Smouldering fires in peatland are different from the flames in wildland fires. Smouldering peat fire is slow, low-temperature and more persistent, releasing large amounts of smoke into the atmosphere. In this work, we experimentally and computationally investigate the vertical downward spread of smouldering fire in a column of 30 cm-tall moss peat under variable moisture content (MC) and bulk density. The measured downward spread rate decreases with depth and wet bulk density, and is ,1 cm h À1 equivalent to a carbon emission flux of 200 tonnes day À1 ha À1 . We observe that downward spread increases as MC increases substantially at least inside the range from 10 to 70%, which is not intuitive and goes against the trend observed for the horizontal spread in the same peat. We also conduct one-dimensional computational simulations to successfully reproduce the experimental observations. The analysis shows that the spread rate increases with MC and decreases with density because smouldering spread is controlled by the oxygen supply. The volume of the porous peat expands when absorbing water, which reduces the density of organic matter and decreases the heat release rate. This shows that the widely assumed conclusion that the spread rate of wildfire decreases with MC is not universal when applied to smouldering fires.
Introduction
Peatlands are important ecosystems in the boreal and tropical regions, not only supporting the biological diversity for a wide range of wildlife habitats, but also storing 25% of the world's soil carbon (Page et al. 2011) . Smouldering wildfires in peatlands are the largest combustion phenomena on Earth and contribute greatly to the global emission of greenhouse gasses (Rein 2013) . Annually, peat fires release a huge amount of ancient carbon, approximately equivalent to 15% of humanmade emissions (Page et al. 2002; Ballhorn et al. 2009 ). Also, they result in the widespread destruction of ecosystems and regional haze events, e.g. recent mega-fires in South-east Asia, North America and north-east Europe (Page et al. 2002; Rein 2013) . Moreover, recent global warming dries the peatlands and increases the depth of belowground soil combustion, creating a positive feedback to the climate system (Turetsky et al. 2015) .
Smouldering is the slow, low-temperature, flameless burning of porous fuels, and the most persistent type of combustion phenomena. Smouldering involves heterogeneous reactions, and is especially common in porous solid fuels like coal and organic soils with a charring tendency . Peat, as a typical organic soil, is a porous and charring natural fuel (Chambers et al. 2011) , thus prone to smouldering. Once ignited, smouldering peat fires can burn for very long periods of time (e.g. months and years) despite extensive rains, weather changes, or fire-fighting attempts (Rein 2013) .
Two mechanisms control the spread of smouldering combustion: oxygen supply and heat losses (Ohlemiller 1985; . Most smouldering peat fires are initiated on the ground surface by flaming fires, lightning strikes, hot particles and selfheating (Restuccia et al. 2017) . The probability of ignition depends on the ignition source, environmental conditions, peat moisture content (MC A ), inorganic content (IC), chemistry, and other transport properties. As illustrated in Fig. 1 , once ignited on the free surface, the smouldering fire spread is a volumetric phenomenon, including a vertical downward spread component (S d ) and a horizontal spread component (S h ). Near the free surface, the lateral spread may reach a maximum, whereas in the deep layer, the in-depth spread dominates. The forward smouldering dominates both spread components and eventually leads to a void or hole in the general shape of the semi-ellipsoid or pan (Huang and Rein 2014; .
Several researchers looked into the ignition, and the forward smouldering spread using small soil samples (,5 cm thick) under a high oxygen supply (Frandsen 1987 (Frandsen , 1997 Hadden et al. 2013; . Frandsen (1987 Frandsen ( , 1997 experimentally studied the ignition threshold for various soil samples and found a correlation between critical MC and IC. This correlation was recently verified and further corrected by a numerical model in . Hadden et al. (2013) performed an ignition and fire spread experiment on the small-scale moss peat, and revealed the pyrolysis and oxidation reactions in the char formation. For the large-scale peat fires in the field, the downward spread of smouldering fire was found to consume peat layers up to depths of 50 cm (Page et al. 2002; Rein et al. 2008; Ballhorn et al. 2009 ).
The depth of burn (DOB) is the thickness of soil layers burnt through the smouldering fire (see Fig. 1 ), which plays an important role in the estimation of soil carbon emission. The DOB and critical MC for extinction ðMC Ã ex Þ at the vertical downward (or indepth) spread of peat fires have been investigated by various experiments (Benscoter et al. 2011; Watts 2012; Davies et al. 2013; Zaccone et al. 2014) and numerical simulations Rein 2015, 2016a; Yang et al. 2016) . Recently, laboratory experiments on the horizontal fire spread over a shallow peat sample showed that the spread rate decreased with MC but increased with the forward wind speed (Huang et al. 2016; Prat-Guitart et al. 2016) . However, He et al. (2014) found that the downward smouldering spread rate over the piled biomass powder was not sensitive to MC from 3 to 21%. Thus, the idea of peat fire spread always decreasing with increasing MC, although it sounds logical, is not necessary well tested or supported.
For the limited research of downward peat fire spread in the literature, many tested soil samples were shallow (,5 cm), and other deep samples had at heterogeneous MC profile or had a clear 2-D (horizontal þ vertical) fire spread behaviour (See Fig. 1 ).
These complexities limit the quantitative understanding of downward smouldering spread behaviours and the role of key parameters, such as MC, density and oxygen supply, posing a knowledge gap. In this work, the downward spread of smouldering peat fires is first studied using the 30 cm-high columns of homogeneous peat in the controlled laboratory experiments, and then using the numerical modelling for different peat moisture and density conditions. Fig. 2a shows the schematic diagram of the experimental setup for the downward peat fire spread. A smouldering reactor was built using the 1.27 cm-thick insulation ceraboard to contain the peat sample and had an inner cross-section area of 10 Â 10 cm 2 and a height of 30 cm. The fire reactor was further covered by several layers of aluminium foil to prevent the gas leakage and reduce the radiative heat loss. As (1) the vertical dimension was clearly larger than the cross-section dimension and (2) the smouldering spread is extremely slow, the whole downward spread may be approximated as a 1-D spread phenomenon, similar to those in Benscoter et al. 2011 and Zaccone et al. 2014) . This 1-D dominated downward spread of smouldering peat fire without the wind is different from other multi-dimensional smouldering spread over small and shallow peat samples (Hadden et al. 2013; Huang et al. 2016; Prat-Guitart et al. 2016; Yang et al. 2016) .
Experiments

Experimental setup
The peat used in the experiment is a commercial moss peat from Ireland (Shamrock Irish Moss Peat, Bord na Mona Horticulture Ltd, see Fig. 2b ). Compared with the naturally sourced peat, it was readily available in large quantities, has relatively homogeneous properties and constant composition, and has been used in a series of past experiments (Belcher et al. 2010; Hadden et al. 2013; Huang et al. 2016; Prat-Guitart et al. 2016) . After the oven-drying process, this moss peat has a bulk density of 135 AE 5 kg m À3 in its natural state and a low mineral content (IC ,2%). Compared to woody biomass and sandy soils, the natural bulk density is fairly low because the size of peat particle is coarse, leaving a large pore space. The element analysis for the organic matter shows a respective mass fraction of 53.8, 5.5, 38.4, 1.9 and 0.5% for C, H, O, N and S.
To obtain the desired MC, the peat sample was first dried at 908C for 48 h, and then well mixed with the corresponding amount of water, the same process as in Huang et al. (2016) . For example, 1.7 kg of 70% MC peat requires 1 kg of dry peat mixed with 0.7 kg of water. Afterward, the mixed sample was left to rest inside a sealed basket for homogenisation without compression for at least another 48 h. Once the dry peat came in contact with air, it would quickly absorb the ambient moisture to reach an equilibrium with air of MC ¼ ,10%, so testing peat with MC ¼ 0% was not practical. Other targeted values for peat were 35 and 70%. After mixing, the MC of peat sample was also measured, showing the uncertainty of MC is AE5%.
During the water absorbing process, the volume of peat sample tended to expand naturally, which is an important natural phenomenon. Thus, although the measured wet bulk density of peat (r wp , kg m À3 ) increases with MC, the dry bulk density of peat or the density of organic matter B (r p , kg m À3 ) decreases with MC. The measure bulk densities are shown in Fig. 2c and their values can be correlated with MC as:
Additionally, to investigate the influence of peat density, the dried peat was compressed uniformly to increase 40% of its original density to r wp ¼ 190 AE 5 kg m À3 . For ignition, a 10 cm-long coil heater was placed 5 cm below the top free surface. The ignition protocol was fixed to be 100 W for 30 min, which was strong enough to initiate a uniform smouldering front in a peat sample of MC ,150%. To monitor both the temperature and the location of the smouldering front, thermocouple probes were inserted through the sidewall into the central axis of the sample column. These thermocouples were K-type, and had the 0.5-mm bead and 0.1-Hz scan frequency, placed from 5 cm (coil heater) to 29 cm (near the bottom) below the free surface with a 2-cm interval (see Fig. 2a ). At least two to three experiments were conducted at each condition, and a good experimental repeatability was found.
Experimental results
In the experiment, a typical downward smouldering spread over a 30 cm-deep sample could last from 20 to 50 h, depending on the MC and density of peat. Fig. 3 shows a group of thermocouple measurements in the downward fire spread under different peat MCs and densities, where the negative sign of the thermocouple position means the distance below the initial free surface (z ¼ 0). During the forced ignition by the coil heater (t , 30 min), the temperature near the ignition zone (i.e. À7 and À9 cm) rapidly increased and exceeded 6008C. After the ignition, the temperature first decreased, and then increased again, which indicates a B From the aspect of combustion, the dry bulk density of peat or the density of organic matter is the fuel density. Downward spread of smouldering peat fire Int. J. Wildland Fireself-sustained smouldering front. Fig. 4a illustrates a typical process of downward spread of smouldering peat fire. During the downward smouldering spread, the peak temperature was ,550-6008C right below the ignition zone, and its value did not vary under different MCs or wet bulk densities. As the smouldering fire spread downward, the peak temperature slowly decreased with the depth, and such decrease became less prominent as the MC increased. At the same time, the volume of peat sample shrank and the top free surface regressed. Once the free surface regressed below a thermocouple, the thermocouple started to record the gas temperature and showed a highfrequency temperature variation. This signal change could tell the position of the regressed free surface.
During the downward fire spread, a thin black char layer was observed on the free surface, and it was not converted into white ash, probably because of a large heat loss to the environment. Below this thin char layer, a white ash layer could be observed. Near the end of spread, the sample temperature was found to be below 2008C, where the smouldering front (or the charoxidation zone) could not be sustained any more. Therefore, another black char layer of 1-4 cm thick was left on the bottom. After extinction, this sandwich structure of fire residue (char þ ash þ char, see (IV) End of spread in Fig. 4a ) was always observed under all MCs and bulk densities, and also in previous horizontal spread experiments with the shallow samples of the same peat (Huang et al. 2016 ).
The approximate rate of fire spread can be estimated from the burning duration, as shown in Fig. 3 , where the burning duration decreases with the increasing MC while increases with the increasing wet bulk density (r wp ). More accurate spread rate can be determined by tracking the moments when thermocouples reached their peak temperature. Fig. 4b shows the measure downward (or in-depth) spread rate (S d , cm h À1 ) as a function of depth, where the error bar indicates the uncertainty from repeating experiments. Clearly, the downward spread rate decreases with the depth under all MCs. Specifically, the spread rate is found to be in the range from 0.5 to 2 cm h À1 , which agrees with the measurement in the natural peat fire (Usup et al. 2014) . Also, it is in the same order of the horizontal spread rate (S h , cm h À1 ) of the same peat (Huang et al. 2016; Prat-Guitart et al. 2016) , but slightly smaller (see Fig. 4c ). Unlike the horizontal fire spread controlling the burning area, the downward spread controls the carbon emission per unit peat-fire area (Rein 2013) . Therefore, the burning rate of carbon (or the carbon emission flux) of this peat can be estimated as:
where the dry peat density r p ¼ 135 kg m À3 and its carbon mass fraction Y C ¼ 54%. Huang et al. (2016) . Interestingly, as the peat MC increases, the downward spread rate continuously increases. Compared with the dried peat (MC ¼ 10%), the spread rate for MC ¼ 35 and 70% increases ,80 and 150% respectively. This result goes against our intuition and is opposite to the previous finding in the horizontal spread near the free surface for the same peat (same type, density and MC), where the spread rate decreased with increasing MC (Huang et al. 2016; Prat-Guitart et al. 2016) . There are two possible reasons: (1) the water in the porous peat matrix increases the overall thermal conductivity in the drying zone, which facilitates the heat transfer from the upstream oxidation zone, and (2) the reduction of fuel density (r p ) due to the natural expansion of peat sample after the water absorption (see Fig. 2c ). Note that it is also possible to have a downward spread rate larger than the horizontal spread rate, especially in the deep layer where S d . S h at y . 458 in Fig. 1 .
Additionally, as the peat dry bulk density (r p ) increased by 40%, the spread rate decreased ,40%. This implis that for the dry peat, the oxygen supply might control the burning rate (m 00 b , kg m À2 s
À1
) and the downward spread rate (S d ) as:
where m 00 O2 is the oxygen supply; v O 2 is the oxygen stoichiometric coefficient; Y O2 ¼ ,0.233 is the oxygen mass fraction in air; and u air $ D O2 =l g is the characteristic air diffusion speed. In the current experiments, the boundary condition in the free surface 
No fire spread was fixed without wind, so the oxygen supply should be the similar for different peat MCs and bulk densities.
Referring to Eqn 2, we may fit a semi-empirical correlation for the downward fire spread rate [cm/h] as:
where r w is the wet bulk density of peat; the depth is 5 cm , z (cm) , 30 cm; and MC , 80%. The expression shows S d increases with MC, but decreases with the wet bulk density and depth. The fitting coefficients, searched using the genetic algorithm, give an excellent fit (R 2 ¼ 0.96), as shown in Fig. 5 . Note that this expression is only one of many possible which could provide a good fitting to the same dataset.
Similarly, we may fit the previously measured horizontal fire spread rate [cm/h] in Huang et al. (2016) as:
where U (m s À1 ) is the near ground wind speed; 2 , z ,10 cm; and MC , 130%. The expression shows S h increases with wind, but decreases with MC, wet bulk density and depth. The R 2 value for this fitting expression is 0.95, as also plotted in Fig. 5 . But caution is needed when applying these correlations to other peat types and environmental conditions.
Numerical modelling
Model setup
To better explain the experimental results and understand the role of oxygen supply, MC and density, a 1-D numerical model for the downward peat fire spread is applied. Previously, this model has been demonstrated to successfully simulate the ignition and extinction of peat fire and used to analyse the role of atmospheric oxygen concentration, MC and IC , 2016a , 2016b . The setup of the model will be briefly described here, and more details can be found in .
The 1-D computational domain has the same sample depth as that in the experiment, illustrated in Fig. 4a . The model includes transient equations for the condensed-phase mass conservation, species conservation, and energy conservation, and the gasphase mass conservation, species conservation and momentum conservation (Darcy's Law). The model assumes the thermal equilibrium between gas and solid phase, the unit Schmidt number, and the same diffusion coefficient and specific heat for all gasses (see more details in . Note that the model does not consider the detailed pore structure of solid particles and the corresponding intra-particle diffusion. When the particle temperature is high (.5008C), the localised intra-particle (Knudsen) diffusion may start to limit the oxygen supply to heterogeneous reactions and slows down the temperature rise.
At the top free surface (z ¼ 0), a convection coefficient
, capturing the environmental convective cooling, and the surface re-radiation (e ¼ 0.95) are set. Based on the heat-mass transfer analogy, the maximum mass transfer number, h m;0 ¼ h c;0 =c g ¼ 10 g m À2 s À1 , is used for the gas species conservation. The ambient pressure and temperature are constant, at 1 atm and 300 K. An external radiation (q 
Parameter selection
The heterogeneous chemistry for smouldering peat fire is described by a five-step kinetics, proposed previously based on the thermogravimetric analysis (TGA) Rein 2014, 2016b) . The five steps are given in Eqn 4a drying (dr), Eqn 4b peat pyrolysis (pp), Eqn 4c peat oxidation (po), Eqn 4d b-char oxidation (bo) and Eqn 4e a-char oxidation (ao) as: where u is the stoichiometric coefficient; subscripts w, p, a, b and a represent five condensed species: water, peat, a-char, b-char, and ash, in addition to four gaseous species: oxygen, nitrogen, water vapour, and emission gasses. The non-dimensional reaction rate of reaction (k) can be expressed by the Arrhenius law as.
where Z k and E k are the pre-exponential factor and the activation energy respectively. The functions for mass action of reactants A and O 2 are.
where n k and n k;O 2 are the reaction orders of reaction and oxygen respectively. The kinetic parameters of this Irish moss peat have been previously obtained by optimising the TG data in both inert and oxidative atmospheres (Huang and Rein 2016b) and are listed in Table 1 .
For modelling a reactive porous media, the species porosity can be estimated as.
where the bulk (or packing) density (r i,0 ) can be measured in experiment, and solid density (r s,i ) is selected from the literature (Jacobsen et al. 2003) . Preliminary small-scale experiments in a hot oven with nitrogen showed that during the process of peat decomposing into char, despite of the gas release and mass loss, due to the increase in porosity, the volume changed less than 5%. Thus, the actual bulk density of char can be estimated as r a ¼ v a;pp r p and r b ¼ v b;po r p . Note that although the bulk density increases 40% after compression, the decrease in porosity and the calculated permeability is small because the peat sample is highly porous. The effective thermal conductivity includes the radiation heat transfer across pores and is a strong function of temperature as.
where g i ¼ ,10
À4
-10 À3 m depends on the pore size (Yu 2012) . Table 2 lists the species thermos-physical parameters used in the model. The averaged properties in each cell are calculated, for example, as.
where X i and Y i are the mass fraction and volume fraction respectively. For example, the thermal conductivity of wet peat is estimated as.
which increases with linear with MC, agreeing with the experimental measurements at X w , 0.15 (Campbell et al. 1994) . 
Modelling results
Fig . 6 shows the simulated temperature profile at the same location of thermocouples C and presents a direct comparison with the experiment in Fig. 3 . In general, a good agreement is shown between simulation and experiment on (1) the shape of temperature profile where the duration of the temperature-rise stage increases with depth, (2) the peak temperature (,6008C for all cases), and (3) the duration of fire spread that decreases with MC while increasing the bulk density (or the degree of compression). Therefore, the proposed model is proved to be an accurate and reliable tool to describe the downward spread of smouldering peat fire. Fig. 7 further shows the detailed profile for temperature, reaction rate and species for peat MCs of 10 and 70%. The temperature gradients in both ash layers are found to be similar because of the same free surface cooling condition and a similar ash layer thickness (d a ). Within the ash layer, some char remains because the large heat loss to environment prevents the complete oxidation. In contrast, the temperature gradient in the char layer (or the peat-pyrolysis zone) is found to be greater for the higher MC. This is because a larger amount of heat should be conducted downstream to evaporate a larger amount of water. As the result, for the wetter peat, the drying rate is larger, and the thickness of char layer (d c ) is smaller.
For the given MC, the thickness of char layer is controlled by the competition between the rate of peat pyrolysis (or char formation) and char oxidation, and before spreading to the bottom, it increases with time and depth. The growth of char layer is responsible for the reduction in the rate of temperature rise, seen in both experiment (Fig. 3) and simulation (Fig. 6) . Moreover, as the char layer thickness increases, the portion of heat generation that transfers downstream is reduced, resulting in the decreasing spread rate with the depth. Near the bottom, the extinction occurs, and char is not completely consumed because of the large heat loss from the bottom, leaving a char-ash-char sandwich structure. The real bottom heat loss in the experiment is large and in multiple directions, and is responsible for the decrease of the peak temperature (see Fig. 3 ). Such behaviour is not well modelled and may be beyond the capability of the current 1-D model.
Like the experiment, the spread rate in the simulation can be obtained by tracking the time and location of the peak temperature. Fig. 8a shows the predicted downward fire spread rate against the depth and MC and compared with the experimental result in Fig. 4b . In general, the influences of MC and depth are C After the free surface regresses below the probing location, the solid temperature can no longer be recorded. Thus, an exponential decay function, fitted from the thermocouple measurement, is used to make the simulation curves continuous. Time (h) both well predicted: the predicted downward spread rate decreases with the depth and increases with the MC. Moreover, the direct comparison with experimental data shows an excellent agreement. As discussed above, the decreasing spread rate with the depth is caused by the growth of char layer which reduces the heat transfer downstream.
To better illustrate the effect of MC, Fig. 8b shows the spread rate as a function of MC at different depths. Note that the critical MC for fire spread found in the simulation is MC* ¼ 145%, agreeing with the experimental observation that the fire can spread at MC ¼ 130% but not at MC ¼ 150%. Specifically, as MC increases from MC ¼ 10 to 145%, the downward spread rate (S d ) is almost tripled. As discussed above, two reasons may be responsible for the accelerated fire spread in the wetter peat: (i) the increase of thermal conductivity in wet peat layer, and (ii) the reduction of fuel density due to the natural expansion of peat sample after the water absorption. Thus, these two possible reasons are investigated using this numerical model. First, simulations are performed by fixing MC and varying effective thermal conductivity of wet peat (r wp , see Eqn 6). However, a negligible difference is found in the spread rate, which rules out the influence by changing thermal conductivity (not plotted here). Then, simulations are performed by fixing MC and varying the peat wet bulk density or the degree of compression or expansion. Fig. 9a shows the averaged downward fire spread rate between z ¼ À10 and À20 cm as a function of wet bulk density of peat (r wp ). For both MCs, it is found that the spread rate decreases with the wet bulk density because of the increase of dry bulk (fuel) density or the volume expansion, agreeing with the experiment.
To identify the effect of fuel density, Fig. 9b replots the data in Fig. 9a as a function of dry bulk (fuel) density, r p ¼ r wp = 1 þ MC ð Þ . Clearly, if fixing the fuel density, the spread rate under different MCs becomes very close to each other. In other words, if the peat volume expansion is small after absorbing the water, the downward spread rate becomes insensitive to MC.
Note that in this extremely slow fire spread, the smouldering fire spread rate is the same as the fuel consumption (burning) rate, and the latter is controlled by the oxygen supply. Therefore, we can conclude that it is the oxygen supply, rather than the MC, controlling the downward peat fire spread in current experiments. This is completely different from the horizontal peat fire spread near the free surface where the oxygen supply is sufficient. Then, the MC is found to dominate the horizontal spread rate for the wet peat, and the influence of oxygen is smaller for a wetter peat (Huang et al. 2016) .
Conclusions
In this study, we use experimental and computational approaches to investigate the downward smouldering spread of peat fire under different moisture contents and bulk densities. There are no experimental data on the downward spread before this study. The downward spread is an important phenomenon of peat fire because it is responsible for the depth of burn and the fuel consumption per unit area. Thus, downward spread determines the rate of carbon emission per unit area (Rein 2013) . We report measurements of a characteristic downward spread rate in the range from 0.5 to 2 cm h À1 , which would result in a carbon emission flux in the order of 1 kg h À1 m À2 (or 200 tonnes day À1 ha
À1
) for an organic matter density of 130 kg m À3 . We found that the downward spread of smouldering fire in peat is more sensitive to oxygen supply than to heat losses. As wind speed increases, convective heat loss increases and the oxygen supply increases. However, for flaming wildland fires, flame spread increases with the wind speed due to increased convective heating, rather than increased oxygen supply (Williams 1982) . This is a significant difference between smouldering and flaming wildland fires, because smouldering combustion is controlled by heat losses and oxygen supply (Ohlemiller et al. 1985; . The spread rate of smouldering is known to vary with depth. However, because both the density and moisture of peat change with depth in real peatlands (Benscoter et al. 2011) , relying on field studies alone has not allowed differentiation of the effect of depth v. density v. moisture until now. For this reason, laboratorycontrolled experiments are most valuable. By controlling each of these variables separately, our work shows that downward smouldering spread rate decreases substantially with the depth because the oxygen supply is reduced. Also, by fixing the oxygen supply, we observe that the downward smouldering spread reduces with bulk density. Clarification of these effects is novel. For the effect of peat moisture, we report for the first time the counterintuitive fact that the downward spread rate increases substantially with moisture, at least inside the range from 10% to 70% (higher MC values were not explored). For example, the spread rate at 70% MC is twice the rate at 10% MC. This goes against previously observed trends for the horizontal spread of the same peat (Huang et al. 2016 ) and other peat types (PratGuitart et al. 2016) . Our analysis shows that the spread rate increases with MC because of the volume expansion of the peat when absorbing water, which reduces the density of organic matter. This shows that the widely assumed conclusion that the spread rate of wildfire decreases with MC is not universal when applied to smouldering fires.
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